The equation of state for a free gas of fermions at zero temperature in the non relativistic case is a polytrope, i.e. p = γρ 5/3 /m 8/3
I. INTRODUCTION
The determination of the properties of the particle that play the role of dark matter is perhaps the most active field in experimental and theoretical physics of our time [1] [2] [3] [4] . In spite of this effort, up to now, none of the properties of dark matter are known. Not even its mass or its spin. Taking into account only this two properties, the mass and the spin of the dark matter candidate, we can divide many models and candidates for dark matter in at least three main streams:
1. the heavy mass fermionic (spin one-half) candidate, i.e. the weakly interactive massive particle (WIMP), [5] matter (CDM), a cosmological constant Λ in order to explain the present accelerated expansion of the universe. This is the so called Λ-CDM model. Among their virtues, N-body simulations within a Λ-CDM universe fit most of the cosmological observables like Supernova Ia data, the power spectrum, weak lensing and more [19] . Furthermore, it has some predictions: a universal density profile from hierarchical clustering for the dark matter halo of galaxies [20] . This profile has central densities that rises as ρ ∼ r −β , with β ∼ 1 − 1.5. Nevertheless, observed galaxy rotation curves favor a constant density profile. This is known as the "Core-Cusp" problem [21] . Moreover, the number of predicted satellite galaxies is bigger than the observed and the central densities predicted for the dwarf galaxies is much bigger that the ones observed, a problem named as the "missing satellite problem" [22] . Another problem rises from N-body simulations: the averange density of dwarf galaxies is much bigger that the observed densities of the local group, a problem that is known as the "too big to fail" problem [23] . More troubles arises as soon as current experimental efforts have not reveal any positive signal of their existence. Neither by direct detection experiments [24] or by indirect detection [3] in any of different possible astrophysical signatures. Furthermore, DM collider production has not been observed yet [25] .
In order to solve some of the galactic puzzles at small scales that permeates the WIMP paradigm, new proposals like fuzzy dark matter 2) and steril neutrinos 3) have been introduced. Indeed, a plethora of ultra-light scalar candidates with properties similar to that of the axion has been postulated, called axion-like dark matter particles, fuzzy dark matter or simply Scalar Field dark matter [6] [7] [8] [9] [10] [11] [12] [13] . Those are zero spin particles with masses ranging 10 −23 − 10 −3 eV. First, the axion was proposed as a dynamical solution for the strong CP problem [6] [7] [8] .
It was soon realized that it could be a perfect dark matter candidate [29] and for the last 40 years its mass and decay constant have been constrained. Surprisingly, it is still a viable candidate [4] . In a different approach, an ultralight scalar particle, m ∼ 10 −23 eV, minimally coupled to gravity without any interaction with the standard model of particles was proposed as a viable dark matter candidate [9] [10] [11] . One virtue of this proposal is the emergence of a natural cutt-off in the power spectrum [10] . Thus, no small halos exists in SFDM solving the "missing satellite" problem. Furthermore, in this models, the halos are modelled by the self-gravitaing system made of ultralight scalar fields. In the particular case of complex scalar fields, those structures are the so called Boson Stars. For a scalar field mass of the order m ∼ 10 −23 eV, the resulting boson stars have typical masses M ∼ 10 11 M ⊙ and their radii are of several kiloparsec, making these boson stars suitable dark matter halo models [26, 27] . Furthermore, Boson stars are regular at r = 0 and thus, there is no "core-cusp" problem [28] . In other words, ultra light bosonic particles might be free of some of the Λ-CDM problems. Possible signatures that this ultra-light bosonic particle might produce through anomalies in the standard model of particles , a revival on axion-like dark matter candidates, that is, particles that has some interaction with SM particles similar to the axion, although not necessary related with the strong CP problem, and with extreme low mass values, i.e m ∼ 10 −23 − 10 −15 eV have recently appeared and are under current study as viable DM candidates [12, 13] .
Then we arrive to the case of ultra-light fermionic dark matter, i.e. a particle with 1/2 spin and masses between ∼ 1 eV to 10 keV usually called sterile neutrinos [14] [15] [16] [17] [18] . Those DM candidates were advocated to improve predictions of small scale structure [18] . The strongest constraints on sterile neutrino come from the Planck measurement on the number of relativistic species in the early universe, N ef f , recently measured bu the Planck collaboration [30] . Those constraints can be evaded introducing a non standard relic density production mechanism [15, 18] . The purpose of this work is to study the properties that dark matter halos would have if dark matter is an ultra-light fermion with negligible interaction. In this case, dark matter will be modelled by a non interacting fermion at zero temperature. On galactic scales, those fermions are capable of forming a self gravitating system made of a degenerate Fermi gas where gravitational collapse is prevented by the Pauli exclusion principle. In order to find the self gravittaing objects made of ultra light fermions, we solve the Tolman-Oppenhimer-Volkov system with the equation of state for a non-relativistic fermion at zero temperature. Similar analysis had been done in [31, 32] in order to fit the velocity dispersion data of the dwarf spheroidal galaxies of the Milky Way. Here we will show that strong constraints can be obtained using the Milky Way rotational curve.
Typical self-gravitating objects made of ultra light fermions are presented in section II. Then, by using galactic observations. namely the rotational velocity curve of the Milky Way as reported by [33] , the central density ρ 0 and the mass of the fermion m F are constrained in section III. Furthermore, by using the spectral energy distribution (SED) of Saggitarius A* observed from the galactic centre, new constraints on the annihilating cross section are obtained. Finally, some conclusions can be found in section IV.
II. NON-INTERACTING FERMIONIC DARK MATTER HALO
The pressure and the mass density of a gas of free fermions can be computed as [34, 35] 
where z = KF mF , K F the Fermi momentum and m F is the mass of the fermion. There are two interesting limits, the non-relativistic case where z ≪ 1 (.i.e. the mass of the fermion is too big as compared with the Fermi momentum) and the relativistic limit z ≫ 1. In the nonrelativistuc case, by doing an expansion for z ≪ 1 in eqs. 1 it is found that the pressure can be written as a function of the density. Indeed it is found:
Meanwhile, in the relativistic case it is found
It is interesting to note that the resulting equation of state for a gas of non interacting fermions have as a only free parameter the mass of the fermion. In what follows, we will say that our dark matter particle candidate is such non interaction fermion which only unknown is its mass. In order to find the structure that a gas of free fermions may form, it is needed to solve the Einstein's equations. As we have mentioned, in the non-relativistic limit, this gas of fermions satisfies an equation of state in a very similar way as a perfect fluid may do. Thus, the energy tensor that acts as a source for the Einstein equations can be written as:
Here, U µ is the four velocity of the fluid, p and ρ the pressure and density of the fluid. For simplicity, we will restrict to the case of spherical symmetry and static space-time, that is, the Schwarzschild metric. In this case, the only unknown in the metric is the mass of the self-gravitating object. Imposing the condition of hydrostatic equilibrium one arrives to the following equations dp dr
Those are the Tolman-Oppenheimer-Volkoff equations (TOV system). The TOV system is closed by defining an equation of state, which in our case will be given by eq. 2. Since we are thinking that dark matter will be described by this non interacting fermion, the resulting self-gravitating system will play the role of the dark matter halo. In other words, the structure will have a low compactness, that is GM/r ≪ 1. Thus, the TOV system we need to solve in the limit of low compactness will be:
which are known as the the Newtonian limit of the TOV system. Replacing the equation of state for the non relativistic, non interacting fermions in to the Newtonian TOV system we get:
The equations 7-8 can be solved numerically, with boundary conditions M (r = 0) = 0 and ρ(r = 0) = ρ 0 , ρ 0 a free parameter. Thus, the self-gravitating system which will be used to model the dark matter halo of galaxies have only two free parameters:
• The mass of the dark matter fermion m F and,
• the central density of the configuration ρ 0 .
. The compact structure has a finite radius given by the condition ρ(r = R) < 0. A typical configuration will have a density profile and a metric coefficient M (r) as shown in the first panel of 11 M ⊙ and radii of R ∼ 10 Kpc for the chosen values of the fermion mass. Furthermore, as it can bee seen from eq. 7, the density is a decreasing function for all r, and there is an inflexion point located where ρ ′′ (r = R core ) = 0. We will define this inflexion point, where the concavity of the density changes as the radius of the core of the configuration. Thus it is clear that this self-gravitating structures made of non interacting, non relativistic fermions might play the role for cored dark matter halos.
Notice that there is a tendency of the configurations as a function of the fermion mass: for bigger fermion masses, the resulting configurations obtained with the same central density ρ 0 will be smaller in the mass and the radius of the configurations.
In order to show better this point, in Fig. 2 are shown the full set of solutions obtained by varying the only free parameters of the dark matter halo: the central density ρ 0 and the mass of the fermion m F . The first panel of Fig.  2 shown isocurves of the total mass M (m F , ρ 0 ). Similarly, in the middle and third panel shown isocurves of the core radius R core (m F , ρ 0 ) and isocurves of the maximum velocity of rotation. This maximum velocity is reached at r = R, since M (r) is a increasing function that stop increasing when ρ(r = R) < 0. We can estimate the maximum rotational velocity that each configurations might reach v rot max (m F , ρ 0 ) = GM (R)/R, and this maximum velocities are shown in the third panel of Fig. 2 . We can observe that for low central densities, the resulting configurations have properties that might explain dwarf galaxies data: core radius of the order of few kiloparsecs, velocities of tens of km/sec and (ρ0, mF ) . The allowed region for ρ0 and mF needed to have configurations that fullfill the condition of constant dark matter surface density, i.e. eq. 9, are shown in the three panels.
mass of 10
7 M ⊙ for masses of the fermion of m F ∼ 500 eV. On the other hand, for more smaller masses of the fermions, the configurations might be suitable to explain larger galaxies, like elliptical or espiral galaxies because the resulting core radius are the order of tens of kiloparsecs, rotational velocities of hundreds of km/sec and total masses of 10 11 M ⊙ for masses of the fermion of few eV. This is a consequence of the fact that the pressure of the fermion gas is inverse proportionality to the mass m F .
The so called Λ-CDM model describe the large scale structure of the universe. Nevertheless, as previously mentioned, the Λ-CDM predictions at low scales are in debate [36] . In particular, the "core-cusp problem" [21] and the "too big to fail" [23] problems can be solved by invoking new interactions in the dark sector. Indeed, if dark matter has strong self-interactions, elastic scattering in the dense central region of halos will redistribute the energy and angular momentum among partucles creating a core [37] . Other solutions rely on supernova feedback and low star-formation efficiency. The first one might flaten the central cusp in big galaxies and a combination of both could explain why most of the Milky Way's dark matter subhalos do not host visible galaxies [38] .
It is interesting that in our case, even without the addition of any other interaction in the dark sector, the resulting self-gravitating configurations not only they have the size and the mass of dark matter halos. They alleviate some of the Λ-CDM problems since the dark matter halos have naturally a core R core and the central density ρ 0 is smaller that those predicted by NFW dark matter profiles.
Moreover, there are some interesting scaling relations found empirically for the dark matter halos. In particular, in [39, 40] it was found that the central surface density of galaxy dark matter haloes defined as µ 0D = R core ρ 0 , where R core and ρ 0 are the halo core radius and central density respectively , is nearly constant. It was found
and independent of galaxy luminosity. The dark matter halos made of ultralight noninteracting fermions have as a free parameter, the central density ρ 0 . Once ρ 0 is fixed, given m F the configuration will have a definite R core . It is possible to found what are the configurations that satisfies the empirical relation eq. 9. The allowed region in the (ρ 0 , m F ) parameter space that fulfills the condition eq. 9 are shown in the three panels of Fig. 2 . Notice that this condition is fullfilled by a small fraction of the total possible self-gravitating configurations.
III. MILKY WAY CONSTRAINTS
From our results of the previous section, we observe that self-gravitating configurations for non interacting fermions cover a wide range of masses and core radii. Thus, they can be used to model different types of galaxies. From the smallest dwarf galaxies with M ∼ 10 7 M ⊙ and core radius of a fraction of a kiloparsec up to spiral galaxies with M ∼ 10 11 M ⊙ and core radius of hundreds of kiloparsecs. In this section we will use data form our own galaxy in oder to see if this very simple model might fit the observed data. In contrast with other galaxies, our Milky Way is perhaps one of the best known objects. We will constraint the mass of the fermion m F and the central density ρ 0 with the rotational velocity of the stars in our galaxy. Then, we will constraint the annihilation cross section for this ultra light candidate using the spectral information of Saggitarius A*. Each can be modelled if the mass density is described by an exponential sphere model. In this case the mass density profile ρ(r) is given by:
a R being a scale radius, ρ c R the central density for each region, and R a label to identify each of the regions that fits the milky way. The dark matter halo will be modelled by the self-gravitating structure that results from the solution of eqs. 7-8.
The values used in order to fit the rotational curve are shown in Table I . The existence of a supermassive black hole at the center of our galaxy is strongly supported by the motion of the S-star galaxies. Its mass has been constrained to be M BH = (4.1 ± 0.6) × 10 6 M ⊙ [46] .
The theoretical velocity curve can be computed as (11) where
M R (r) is computed by integration of the mass density as defined by eq. 10, i.e:
(13) Finally, the mass of the black dark matter halo is computed by solving the TOV system eqs. 7-8. Remember that the only unknowns in the solution of the TOV equations are the central density ρ 0 and the mass of the fermion m F . In other words, M DM = M DM (ρ 0 , m F ). Then, the rotational velocity will depend on the choice of the dark matter central density and the mass of the fermion.
As we have already mentioned, the rotational curve of the Milky Way has been derived for a huge range of values, ranging from pc to Kpc. The values are reported in [33] . The inner region is dominated by the luminous matter. In Fig. 3 we have plotted the theoretical rotational velocity curve for different scenarios: By neglecting the contribution of the dark matter halo, we can see that with the values reported in Table I , the inner part of the curve is well fitted only by the inclusion of the luminous matter. The resulting rotational velocity curve without DM is shown with the blue curve in the upper panel of Fig. 3 . This rotational curve arises from the effect of the matter of the BH, the inner and main bulge and the disk. Their corresponding contribution to the mass density is shown in blue lines in the lower panel of Fig. 3 . Nevertheless, the outer part needs the contribution of dark matter. We then consider a second scenario: the full rotational velocity curve can be fitted with the inclusion of a dark matter halo that in this case will be modelled by the self gravitating structure formed by a gas of noninteracting fermions with equation of state given by eq. 2 in hydrostatic equilibrium with gravity. This structure is computed by solving the TOV system eqs. 7-8 and then, since the solution for the mass function and the density depend on the central density ρ 0 and the mass of the fermion m F , then, v th (r i ) = v th (r i , ρ 0 , m F ), r i is the value of the radial coordinate where it has been reported the observed rotational velocity as reported by [33] . In order to find the value of the fermion mass and the central density of dark matter needed to fit the observed rotational curve, we have performed a χ 2 analysis given by:
. (14) where v are the observed values of the rotational velocity curve and the corresponding error as reported in [33] .
Isocurves of ∆χ 2 = χ 2 (ρ 0 , m F ) − χ 2 min are shown in Fig. 4 . In particular, we shown isocurves for ∆χ 2 = 2.71 and ∆χ 2 = 5.99, that represent the allowed values for m F and ρ 0 that fits within 1σ (68% C.L.) and 95% C.L. respectively. Thus, at 1σ, the best fit point that fits the milky way rotational velocity curve is:
The resulting dark matter density profile for the Milky Way is shown as a red line in the lower panel of Fig. 3 and the resulting rotational velocity curve that includes the luminous matter and the DM contribution is shown in upper panel of Fig. 3 with a red line too. Note that the mass density profile is almost flat and there is a change in the density only at R core = 13 Kpc. In order top show the differences with the standard dark matter profile and the one it is obtained with ultra light non interacting fermions, for comparison, we have included the best fit for a Navarro-Frenk.White density profile as a black line in both figures. Observe that the central density of the dark matter halo differs by orders of magnitude.
The bounds obtained for ρ 0 , m F with the fit to the rotational curve of the Milky Way can be complemented with other observables. In particular, similar approaches for ultralight fermionic dark matter have bee used to In grey the allowed region in the parameter space (mF , ρ0) that adjust within 1 − σ the rotational curve of the Milky Way. In marron it is shown the region in (mF , ρ0) that fulfills eq. 9. Dotted lines indicate the allowed values to fit the dispersion velocities of the Milky Way's dwarf galaxies [32] .
fit data from dwarf galaxies. In [32] , it is found that a fermion with 70 < m F < 500 eV can fit the data of the dispersion velocities of the dwarf satellite galaxies of the Milky Way. Furthermore, as we have mentioned, there is a region in the (m F , ρ 0 ) parameter space where the relation of a constant surface dark matter halo, i.e. eq. 9, is fulfilled. As it can be noted in Fig. 5 , the allowed region for (m F , ρ 0 ) that fits the rotational curve of the Milky Way lies within the region that fulfills the constant density surface of the galaxies observed in [39, 40] .
B. Annihilating cross section constraints from Sgr A * data Sagittarius A* (Sgr A*) is a compact radio source at the Galactic Center. Sgr A* is frequently monitored at all available wavelengths. First data in radio was taken in the middle 70's [41] and from that momento up to now, Sgr A* is observed in radio as reported recently in [42, 43] . There is also available data recorded in submillimeter, near-infrared (NIR), and X-rays [44, 45, 47] . In adittion to observations done in the electromagnetic spectrum, there are stellar dynamical data of the stars at the galactic center that in conjuntion with the spectral energy distribution (SED) suggest that Sgr A* is a supermassive black hole. Sgr A*'s SED can be fit with semianalytical models [48] and it is a intense source of reserach. For definitiveness, in Fig. 5 we report the data and in red a model for the SED of SgrA* as reported in [48] that we will use in order to constraint possible contributions of annihilating ultra light dark matter.
We have shown that the dark matter halo of the Milky Way can be modelled by the self-gravitating configurations made of ultralight non interacting fermions. Under the hypothesis that such fermions might annihilate themselves, there will be a extra contribution in the SED of SrgA*. Indeed, there will be a local flux of extra photons coming from the galactic center for annihilating dark matter. This flux is given by [49] :
where m F is the particle mass, N γ is the number of photons per interaction, E γ is the photon energy, σ is the interaction cross section, v(r) is the velocity distribution of the dark matter as a function of radius and the integral is over the observed volume. We assume two photons with E γ = m F per annihilation and that v is independent of radius. As an example of this possible photon excess in the Saggitarius A* spectra energy distribution, we have computed the dark matter photon flux that correspond to a halo configuration made of ultra light fermions with central density ρ 0 = 0.355Gev/cm 3 and an average annihilating cross section fixed as σv = 10 −36 cm 3 /sec. Furthermore, we have assumed that the mass of the fermion will be equal to the photon energy m F = E γ . This contribution is plotted in a blue line Fig. 5 .
We can now use the SgrA* SED model of [48] to constraint σv . In order to do so, we have to found the self-gravitating structures with m F = E γ and ρ 0 = 0.355Gev/cm 3 by solving the system eqs. 7-8 and computed the possible extra flux of photons with eq. 17. Since there is no need of extra contribution to the SgrA* SED, σv should be smaller that certain value in order to avoid an excess in the observed SgrA* spectrum. This limit for σv is shown in Fig. 6 .
Due to the smallness of the dark matter fermion, the number density is very high, and then, the constraints shown in Fig. 6 are very strong. This effect of light dark matter should be general, that is, the interaction of light dark matter with SM partciles should be very small, otherwise visible effects should arise inmediately due to the high number density. The lightest the dark matter is, the darkest it should become.
IV. CONCLUSIONS
We conclude that if dark matter is a ultra light, non interacting fermion, the dark matter halos should be modelled as the self gravitating structure supported by the quantum pressure of the fluid. In this scenario, the resulting dark matter halos have a core, thus there is no "core-cusp" problem. The central densities of the halos are orders of magnitude smaller that the corresponding Navarro-Frenk-White profiles, thus lessening the "too big to fail" problem. In order to fit the rotational curve of the Milky Way, the mass of the fermion is constrained to be 70 < m F < 105 eV and the central density of the halo lies within the range 0.22 < ρ 0 < 0.45GeV/cm 3 The resulting halo has a core radius that giving the central density founded fulfill the constant density surface restriction founded in [39, 40] (see Fig. 5 ).
Given the small masses of the fermions, in case that this dark matter annihilates into photons, there will be a low energy photons coming from the galactic center. This photons will contribute to the spectrum energy distribution and thus, by using the data of the Sgr A* SED it was possible to found strong constraints on σv .
In summary, galactic data might provide strong constraints on models where dark matter is modelled by and ultra light fermion. Either by stellar dynamics data or by the low energy photons coming from the galactic center. Combined analysis with data from Milky Way, dwarf galaxies, structure formation among others, can be made in order to discard this simple model of dark matter.
